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Abstract 
Experiments are carried out for a wood chip bed dryer with a perforated floor. Methodology for the calculation of a benefit-cost
ratio is created and validated with experimental results. Statistical analysis was performed and empirical models with non-linear 
multivariate correlation equations describing the drying rate, and the benefit-cost ratio were developed. With the appropriate 
adjustments this methodology can be used for the economic evaluation of a biomass dryer. 
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1. Introduction 
The European Commission has set new targets to reach a low-carbon economy.  Among the key elements is the 
renewable energy target of at least 27 % renewable energy resources (RES) in energy consumption in 2030 [1] 
continuing to raise the 2020 bar of 20 % RES [2]. The target recommended by the European Renewable Energy 
Council is 45 % [3]. In 2011 in the EU-27 a share of 13.0 % of gross final energy consumption was from renewable 
energy [2], and the most important renewable energy source continues to be biomass with 64 % from the gross 
inland consumption of RES [4]. Effort has to be made to reach these targets, but simultaneously sustainable, 
efficient use of biomass has to be assured.  
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Biomass drying is significant for several reasons depending on application.  In the combustion processes, drying 
is required to increase the net calorific value of biomass and to improve combustion process efficiency, as a result 
the dimensions of the boiler can be reduced, the unburned solid particulate matter emissions [5] and the 
consumption of primary energy decreased. When storage of biomass is necessary, drying can be used as a tool to 
reduce the loss of dry matter due to microbial activity [6, 7] that leads to energy loss and greenhouse gas emissions 
[8]. Biomass drying to match the requirements of the production specifications is required in pellet production, the 
feedstock has to be dried to around 10 % moisture content [9, 10], and likewise for briquetting [11]. The synfuel 
production process requires 10–15% moisture content [12, 13].  
Nomenclature 
ȕ0  Constant coefficient 
ȕ1, ȕ2, ȕ3  Linear regression coefficients 
ȕ11, ȕ22, ȕ33 Quadratic regression coefficients  
ȕ12, ȕ13, ȕ23 Interaction effects of the model 
Ef  Benefit of fuel drying, € 
Ep  Cost of parasitic energy consumption, € 
H  Dried layer thickness, m 
ha  Enthalpy of the ambient air at the initial temperature and relative humidity, kJ/kg 
hi  Enthalpy of the inlet air at the inlet temperature and relative humidity conditions, kJ/kg 
m2, m1  Mass of dried and fresh biomass respectively, kg 
ma Mass of heated air during drying period, kg 
ڦ  Efficiency of heat energy production 
ڦa.h Efficiency of air heater 
Qf.p.  Fan electricity consumption, kWh 
Qz2d, Qz1d Net calorific value of dried and fresh biomass respectively, MJ/kg 
Si  Area at the measurement point, m2
t  Time, s 
T  Temperature, °C 
Tel  Electrical energy price, €/kWh 
Th Heat energy price, €/MWh 
ȣ  Air flow velocity, m/s 
W  Drying rate, %/h 
Y  Predicted response 
ȡ  Density of air, kg/m3
Low-temperature drying has significant benefits over high temperature drying. The low temperature settings 
allow the use of low-potential heat that can be attained as a waste product from different manufacturing processes or 
supplied using renewable resources. The low temperature settings also reduce the own use of biomass in the dryers. 
For example in Sweden 12 % of the entering timber is consumed in the production process [14].  Lower temperature 
settings also have smaller heat loss through the dryer envelope. Apart from these positive economic and 
environmental effects, the use of low temperature drying reduces direct emissions to air. Drying of bark chips with 
superheated steam produces organic compounds in the exhaust steam [14]. High temperature drying of freshly cut 
spruce and birch indicate fumes containing volatile mutagenic compounds [15]. The organic compounds emitted 
during the drying with hot air or steam, are identified mainly as monoterpene and sesquiterpene hydrocarbons [16]. 
The amount of emitted organic compounds can be minimized with drying in lower temperatures [14, 16]. In 
addition, drying process type has an effect on energy consumption during pelletisation – high temperatures for 
drying of the raw material lead to greater energy consumption during pelletisation [9].  
This paper deals with drying of wood chips in a packed bed vertical dryer with a perforated floor and a bottom air 
supply. Most often these biomass dryer designs are “experience based”, and there are few scientific studies dealing 
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with the kinetics of the biofuel drying process [17]. Pringle and Pan [18] have carried out an experiment of wood 
chip deep bin drying with fungal measurements for the evaluation of a drying model. Ozollapins et al. [19] have 
studied the drying rate of reed canary grass, reed and hemp stalks, and peat with varying drying bin layer thickness. 
Lerman and Wennberg [20] have carried out an experimental study on the drying of sawdust and wood chips in a 
bed dryer with a focus on the movement of drying zones. 
2. Material and methods 
2.1. Design of the experiment 
Three variable factors are selected – height of the wood chip layer (0.5 – 1.0 – 1.5 m), air velocity (0.03 – 0.13 – 
0.22 m/s) and temperature (20.0 – 28.5 – 37.0 °C). The response variable measured is the weight of the dried 
product (kg) which is used for calculation of the drying rate. A multivariate optimization with a single response 
surface is selected within this study. The Box-Behnken design is selected as a fractional factorial design. The 
number of experiments (N) in Box-Behnken design can be expressed as 2k·(k í 1) + Co, where k is the number of 
factors and Co the number of replicate central points [21]. Thus in this experimental study, the total number of 
fifteen experimental runs are required, N = 2·3·(3 í 1) + 3 = 15. A quadratic regression model as displayed in (1) 
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The STATGRAPHICS Centurion 16.1.15 tool is used for the development of the experimental model and the 
data analysis. 
2.2. Material – wood chip characterization 
The biomass used in this drying experiment is a fine wood chip material with the median particle size distribution 
at 15.9 mm according to LVS EN 15149-1:2011 [24]. The same material is used in all experimental runs, the wood 
chips are rewetted by submerging in water, draining and then storing in a sealed container for at least 24 hours to 
equalize the moisture content in the whole wood chip body. 
2.3. Experimental setup 
An experimental rectangular vertical batch bed dryer with a perforated floor and a maximum loading capacity of 
0.65 m3 is used for the wood chip drying. The experimental dryer has a bottom-up air supply with an electrical fan. 
The setup is similar to that used in the study by Lerman and Wennberg [20]. A schematic representation of the 
experimental set-up, and the used equipment and its placement in the experimental drying bin is visible in Fig.1. In 
the experimental runs with an increased air temperature, an air heater is placed at the air inlet, and also the whole 
room temperature is raised.  
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Fig.1. Experimental set-up schematic representation  
2.4. Drying experiment procedure 
First a sample of the wet wood chips is taken. The initial moisture content of wood chip samples is determined 
according to LVS EN 14774-2:2010 [25]. The material is loaded into the experimental dryer bin manually from the 
top, the material falls naturally, and no additional compaction is applied. Each drying experiment is run for 24 hours. 
The final moisture content is calculated from the weight change recorded by the weighing platform beneath the 
experimental dryer.  
3. Results and discussion 
3.1. A. Drying rate evaluation 
The discussed results are valid in the limits of the parameter values selected in the experimental evaluation. 
Applying them to a different parameter range can lead to false conclusions. First, the relation of the wood chip 
drying rate is analyzed in regards to the set parameter values. The R-Squared statistic indicates that the model as 
fitted explains 97.8 % of the variability of the drying rate, the R-Squared (adjusted for degrees of freedom), that is 
more suitable for the comparison of models with a different number of independent variables, is 93.9 %. The 
Standard Error of Estimate that represents the standard deviation of the residuals is 0.133. The average value of the 
residuals or the mean absolute error is 0.0641. Durbin-Watson (DW) statistic tests the residuals to determine if there 
is any significant correlation based on the order in which they occur in the data file. Since the P-value is greater than 
5.0 %, that is 0.872, there is no indication of serial autocorrelation in the residuals at the 5.0 % significance level. 
The drying rate is separated into separate pieces for each of the effects in the ANOVA table. The statistical 
significance of each effect is tested by a comparison of the mean square against an estimate of the experimental 
error. In this study 5 effects have P-values less than 0.05, indicating that they are significantly different from zero at 
the 95.0 % confidence level. 
It is possible to optimize the drying rate of solid biomass by varying the temperature, air velocity and the 
thickness of the drying material layer. An important parameter that can be applied for the process optimization – 
drying agent saturation – is not discussed within this study [26]. The standardized Pareto Chart in Fig.2 indicates the 
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effects with the greatest impact on the drying rate. The standardization is made by dividing the value of each 
variable by its standard error. 
Fig.2. Standardized Pareto Chart for drying rate 
The highest detected positive impact is related to the airflow speed while the highest negative impact belongs to 
the thickness of the wood chip layer. Temperature has a smaller effect on the drying rate than the airflow rate and 
layer thickness. The vertical line in the graph in Fig.2 represents the statistically significant variables at the 5 % 
significance level. As the interactions AA, CC are below the significance level, they are excluded from the 
mathematical model. 
The regression analysis is carried out with the statistically significant variables and the empirical regression 
equation for the drying rate is obtained as visible in (2). 
ܹ ൌ െ͸ǤͲͺʹͺͶ െ ͲǤͻͻͻͺ ή ߭ ൅ ͲǤͳͶʹͺ ή ܪ ൅ ͲǤͲͶ͹ͳͳ ή ܶ െ ͷǤͷͻ͹ʹ ή ߭ ή ܪ ൅ ͲǤͶ͹ͻʹ ή ߭ ή ܶ ൅ ͲǤ͹ͺͻͳ ή ܪଶ െ
ͲǤͲ͸ͷʹͳ ή ܪ ή ܶ  (2)
In the current model, the airflow rate and temperature has a linear effect on the drying rate and a non-linear 
interaction is noticed between the layer thickness and the drying rate value. The empirical equation (2) is plotted in a 
3-dimentional surface for the case with 30.0 °C temperature in Fig.3. It is clearly visible that with decreasing wood 
chip layer and an increasing air flow, the drying rate is enhanced. In the current model the drying rate-air flow 
relation is more intense than the drying rate-layer thickness relation. 
Fig.3. Estimated Response Surface at 30 oC
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3.2. Benefit-cost ratio 
The selected temperature, airflow velocity, and layer thickness is closely related to the economic feasibility of the 
dryer. An optimum has to be selected between the best drying conditions and the lowest operational costs. 
In order to characterize the dryer operational parameters in economic terms, a methodology is developed to 
calculate the benefit-cost ratio (Ef/Ep). This is the proportionality relation of the increased energy extraction due to 
the increased net calorific value of the dried material, and the energy consumption for the fan powering and the air 
heating. These parameters are expressed in monetary values.   
The parameter Ef  is the benefit from fuel drying; it can be calculated according the equation (3). 
ܧ௙ ൌ ൫݉ଶ ή ܳ௭మ
ௗ െ ݉ଵ ή ܳ௭భ
ௗ ൯ ή ᐭ ή ௛ܶ ή
ଵ
ଷ଺଴଴
   (3) 
The benefits of fuel drying are contrasted to the parasitic energy consumption Ep. this parameter is calculated 
according to the equation (4). 




The parameters used in equation (4) are representing the influence of the dryer operational parameters on the 
expenses of the drying process. The fan electricity consumption is directly associated to dryer air flow velocity, and 
dried material layer thickness. The enthalpy values used in eq. (4) can be found in handbooks of psychrometrics in 
the thermodynamic tables for moist air at each temperature and relative humidity conditions. The mass of the heated 
air is obtained according to equation (5). 
݉ܽ ൌ ߩ ή ݒ ή ܵ݅ ή ݐ   (5) 
Ratio Ef/Ep should be maximized by reducing the consumed energy costs, using cheaper energy sources, lowering 
the drying temperature or reducing the air flow rate. Drying temperature and air flow velocity have to be selected by 
optimisation because it simultaneously affects the increase of the dried material net calorific value. The developed 
methodology is validated with experimental results. Statistical analysis is performed using STATGRAPHICS. The 
quadratic regression model (1) is fitted to the results, and it explains 66.5193 % of the variability in the Ef/Ep ratio. 
The greatest negative effect on the Ef/Ep has the mass flow rate, in experimental parameter range the temperature 
and layer thickness has a positive impact on Ef/Ep ratio, because the increased energy gain covers the energy 
spending. The benefit-cost ratio relation to the air mass flow rate, temperature and the dried wood chip layer 
thickness is also expressed in a regression equation (6). 
ܧ௙Ȁܧ௣ ൌ ͲǤͲͺͺʹͻ ൅ ͲǤͲͶ͸͵͸ ή ܪ െ ͲǤͲͲͲͲ͸ʹʹͷ ή ሶ݉ ൅ ͲǤͲͲʹʹ͸͸ ή ܶ ൅ ͲǤͲͻʹ͵Ͷ ή ܪଶ െ ͲǤͲͲͲͲͲ͹Ͷʹͺ ή ܪ ή
ሶ݉ െ ͲǤͲͲͷʹ͵ ή ܪ ή ܶ ൅ ʹǤͲͻͻͷͶ ή ͳͲିଽ ή ሶ݉ ଶ ൅ ͲǤͲͲͲͲͲͳͷͲͶ ή ሶ݉ ή ܶ  (6) 
The R-squared value is quite small due to the small number of experiments for this complex problem solving, 
thus the equation cannot be used for precise calculations. 
4. Conclusions  
In the scope of this work, the methodology for the calculation of benefit-cost ratio was developed for the 
characterization of the dryer performance. The methodology was verified using the experimental results. This 
methodology with the appropriate adjustments can be used for economic evaluation of biomass drying technologies. 
Statistical analysis was performed using the STATGRAPHICS Centurion 16.1.15 statistical data analysis tool, and 
the empirical models with non-linear multivariate correlation equations describing the drying rate, and the benefit-
cost ratio in function of the drying temperature, air flow velocity, and wood chip layer thickness were created. 
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During experimental data statistical analysis, the independent variable weight analysis was performed, 
distinguishing the variables with strongest influence on the developed empirical models. In the presented 
experimental range it is discovered that the dryer air flow rate has the strongest positive influence on the drying rate 
and the strongest negative influence on the benefit-cost ratio.  
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